
two types of problg?ms is closely related to the difference betkeen 

interzla3, energy and enthalpy Sn themaadyaamics. 
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nomenbun of an electron i s  eqressed as a product of the tzanslational 

velocity and the equivalent mss of the electric-field energy, a facbr 

of 4/3 i s  a~.w obtained, TUS feotor of 4/3 is 6SSenC8 of the 

elec"tromap0~c-raass pr~Uem 02 an electzon, and B wide vasiety of 

explanations have been given for the presence of this factor. Some sf 

these explanations w e  wrent ly  included in a number of widely used 

textbooks. 1-4 

Al%hough the slec.t;romagnetic mass of an electron has received the 

most attention in recent years, %hers we actually a number of related 

problems. 

Znvestigated as p a t  of %e search for an ether. 

The p w U e L p l a t e  capacibr i s  a classic problem that was 

The investigation of 
Trouton wd Noble 5 was hsscl on the vzriation 09 cXLeotroinagnati.c energy 



re lat idty ,  of course, 

instead of an ether. 

vedlocity bJould be relative to an observer 

The anomalous factor 02 4/3 i s  u s u a y  given in cowlection with the 

electromagnetic msss of an electron, but ft actually applies to any 

radially symmetric electric ffeld and is closely related to the momentum 

variation obtained for the rotation of a pma33eLplate capacitor, Sone 

of the explanations that have been given for the factor being 4/3 

instead of unity in the eleotroiuagnetio momentum of 831 electron are: 

that the fieZd near a single eleotrmiu ohasge obeys different laws than 

the maexosoopic f ie ld  voI,ues nomd3.y eonsidered in clas&cal 

a3.ectrodyna&.cs, that there i s  B non-electaomagnetic mass in. an elactron 

as w e l l  as an electromagnei&icr mass, and that the difference i s  accounted 

for by the  radiation reaction. Suah explanations can be countered by 

conside2ing r a a y  swa* ic  con.figura"ljozrs oLhC3r tl2m the field. of 8n 

@lsc%mn. 

aleetzonic @huge  c a  be c o u l e r d  by ass.u&ag 8 field proriucud by a 

large nmbm or" chmged pwticPes, SQ the 2iel.G @ax be ou" -&e 

Yb expl%r?c;%ion ~f xudmom l am for %he f ie ld  ne= a single 
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therefore give results of gae~a2 .  U%i&itya 

density p over the voftune of &he f i e ld  7. 

b = / p  dT ( 5) 
The coxaplica.l;csd nakure of e l e c t r c u w ~ e t i c  mss &comes svzhdap?t when 

moving f i e l d s  we considered, The energy now fs obtained by 

integrating the Poya"cing vecrtor 

B = ZXB 

over the closed surface through which f i e l d  energy is flowslga The 

related eqUat3.or-i for eleatromagrieticaommban density i s  

g = EXs/e2, (7) 
of a f ie ld  is obtairied by integrating 'g over the 





a 

Figure 2. - Velocity mnaal to the electric-field direction. 

magnetic f ie ld.  Assuming that the velocity vo i s  small compared to\ the 

veloaity of l i g h t  c so that the results a s  applicable to the classAca3. 

Pegine, the Lorents tr.ansformation gives the magnetic f ie ld as 

€I = E O E V O ~  ( 10) 

The dectromaiigne%ic rnoaaalam for the unifoMgPfield volume -t between the 

paral le l  plakes can be evduated from equa%ions (7), (8 ) ,  and (10) as 

(11) 
2 pJ. = e0E vo7'/c2. 

T h i s  result obviously dirfers from eqpation (9). 

difference can be made clearer by expressing the preceding nomen%u inz 

The nature of this 



of f ie ld  energy taDuld bg exgected to have a a.omm%u asvo. 

neither equation ( 9 )  nor (14) agrees d t h  'this expect& value, two 

interpretations of the results appear possiUe. 

eqyivabnce does not apply to electmmgnetio f i e l d  emrgy in the m e  

way that it does to other energies, OF there is something wpong w i t h  the 

conventionaS, formulation of &lectromgnetic noinenturn. 

contention is the la t ter .  

Because 

Either the mass-energy 

The author's 

The mmenttuu resultis obt&ed fop a para33.sbpLate capacitor can 

easily be applied -bo a radia,lly Sgmmekric fLeld configuration. 

electric-field energy can be anLly5ed as three mtuaUy orthogonal 

components. 

ATny 

+% 8" = ge*g f *EO% -P $e& (IS> 



expected fpw %he eq,va&ent ra~s5 of Ut fi&d energy, 

8 radiaXLy SymmS'aAC eodigarait;ioril, in %erns of %he eqxivalent mas5 of 

its entire slectfiefie3.d energy, is thwe2ore 

The mmntxm of 

P = (4/3)MgV0* 16) 

The factor of 4/3 instead of unity in the preceding equatkon Ls, of 

course, the basis of the electromagneticlllidss problem for  an electron. 

A s  indicated in the derivation, though, t b  result actually applies to 

any radially symmetric elecWC-fiekd confLguration. 

PHssjccB;L-MQDE;c AFPROACH 

A velocity of definite -@tude andl direction can be attributed t o  

every BWC~OSCQP~C physical body by an observer. 

fields, then, should define a s i m i l a r  vdocity for each macroscopic 

f ie ld  elmeat, 

classical electrodynapslcs by the Loreats f % d d  transformations. As 

shown in the preceding sectLon, though, W . s  indLusion of velocity 

effects does not givs a field momw%um that i s  aonsistexit wL%h OUT 

A physical approach t o  

It is h e  that velocity effects are included i n  

conC?ep%s of mommku& for physicdl Zw&es* 

A. f i e l d  velocfty is easy to d s f h e  fop soae f ie ld  coi-dlgurations, 

ayid noiFe &i.fieLll% for others, For B-18, %he ele@%Pie-2ield ener&y 

os' a ehaged body exbands over a l a r g e  arnd perhaps iri3i.ni-b V O ~ U Q ~ ,  but 

the bu9k: of f& is l o ~ & i m d  m e a *  the body, Xor&g a ohuged body ikoi 



move with the &aged body, 

amlher  example of the f i e ld  notion being elearly associated ~ t h  the 

motion af a physic& bo6y. 

A charged paSUel-pla%e capacitor would be 

A movinsE?; f i e l d  can be thought, of as a mcov3~1g fluid, wk'ch Lhe .sso?d 

wfluidtt used in its most, general sense* 

properkLes of an electric os mgne%ic f i e l d  in ooaven'cional tsrwinology, 

it has no viscosity and i t  can be conve*d completely into work. 

entropy or" a classical electromagnetic f ie ld must therefore be aeroI and 

any f l o w  process for a field must be isentropic. 

departure from most fluids i s  the non-isotropia nature of field 

stresses. 

To describe the fluid 

The 

One other major 

The figomus trwtamt of energy transfer with a nioving f luid has 

long been B part of  them&m&cs, and for this reason certa3.n concept8 

of Lhenuodyaamics w i l l  be used as a basis for energy-transfer 

ca,l.culations with a moving field.  Treatmat of themdynamic energy- 



&iwy ~ P O ~ ~ ~ X B S  can be approached with e i t b ~  a n o i s  OP noi~-fiow 

treahent,  as long as the taea.tsaent is applied i.n a rigorous mmer. 

Cerb3.n problems, Lhough, are pa.rtidar3.y suited TOP one of 42x3 two 

Lrea.l;tPleulCs apid, in t h i s  sense, may be caf%eCi flow o r  szon-flow proUmse 

A non-fiow WaaWent h e1ecLrodynaanjLcs wodd be one &n w&ch the 

boundary is loca-bed so that %he f ie ld  does not nave across it. 

capacitor falls convsnier~tAy i n  the  nonotlow category by a s s m h g  a 

boundary far from the capacitw, so that  no significant amourr% af fhLd 

falls outside the boundary,. 

an observer is  not usuaUy eonsidered i n  therraodyramius, the absence of 

f l o w  aoross that  boundary i s  sufficient t o  define the treatment as non- 

flow. 

problarri would stiU be 19 the n o ~ . . f l o w  cstetgory. 

A E G X T ~ I ~  

Although motion of a b0wida-y relative b 

The boundary could thus move with the moviag capaaitor and the 

The energy of a f l e d  in the non-flow thernaodynarnic treatment i s  

simply the tot& ipternall energy of that f luid i n  the volume under 

consideration. 

can be obtained from the energy density of equation ( 1 ) .  

energy in the uniformcfield volume 7' between the electrodes of a 

pard.l&-plate cspaeitor is thus 

For an e;leutric f i e l d  with vo<cc, the "internal energy" 

The to ta l  

B = ge*iff* (17) 

The equivalent mass of t h i s  energy is 

me = $eo EZ7/cL e (18) 

( ~ k e  kixie"iih: eaez=gy of ~ovi.ng fis~ci IE@V;/~ w o ~ c i  resbiit ia m 



these Lmm3 ne@.f@bls compared the energy and ecpivaLat &ass shorn 

equations (17) axid ("r).) The noaentu that  d rrosplally be 

associated with th0 motion of this mass a$ velocity vo is mevos or 

( 39) 
2 2 

p = +eOE vo#/c . 
E3ecause energy aerisi.%y is m t  a Rrrmction OS: ;iieZd & T ~ J C . % ~ O P ~ ,  f A e U  

di~ec%ion has ao efi'ec% OM this ~ ~ o n e n h ,  

is the v d u e  that would be expcted  from the raass-energy equivalence, k% 

agrees d t h  neither equaixion (9) nor (11). 

author prefers a strict adherence to the mss-energy equiv&ensce when a 

choice must be made be&ween this equivdence and the usual defbil-io-n 02 

electromagnetic monentwu (equation (8)) e Equation ( 19) i s  therefore the 

form preferred by the author for the  momntun of the electric-field 

energy i n  8 paralleluplab crapacitor. 

ALSO, &.thoxgfi t h i s  m~orrren"cu232 

ks indicated earlier, the 

A radially symmetic electric-field configuration, such as  an 

electron, &so falls conveniently izi the no-flow category. 

that the f ie ld of an electron extends for an indefinite distance, 'but 

the h l k  of the f ie ld  energy - and thus the f i e l d  xnomntu - i s  coz&ined 

to a mall. volume near the eleutron. The electron i t se l f  therefore 

defines the  average location of the f h l d  energy of th0 electrons ma a 

bomdary Loaatea far fro& the dse t ron  u i , ~  enzcXose mbstaat%dly u OP 
t h i s  f i e l d  energy, 

vo<<c, gives a t o t a l  sbci;lr9e-fiald energy s u b s l m t ~ U y  ~ n a  sme as 

It i s  true 

Use of %he nowflow app~oaeh f o r  m electron, with 

it8 st&tAc*fi&Ld v~~Lus, The ~ ~ ~ ~ ~ e n ' z u m  of EUI &Le~P;son ~ ~ d d  be simply the 

piPoduct of the equiv&ene sass ne OS th$s %o$d  energy ad. the va3.oefty 
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3. 

Boundary 
2 

Pressure 

Flow WoTk = (Pressure)X (Fluid volue) 

Figwe 3. = Flow work 

The pressure i s  isotropio in the fluids normally considered in 

therolodynWcs, but only the aonponeat of presswe i n  the direction of 

fluid motion aontributes to the f l o w  work, Inasmuch as the internal 





therefore givs results of general uti3.ity. 

f i e l d  par 

A s m e  fimt an electric 

to vo , and us0 equa'tions ( 1) and (3) ta mbs"ti%ute for 

energy density and sbess, The energy dayisity &xi stress cancel to give 

a net  mergy f l o w  of 

(Sf># = 0.  (21) 

For a fL8ld noma& to vop squation (2) should be used f o r  the s%ress, 

The interna3 energy avld stress add in tUs..cass, gi-g 

csr>r = aoE2voe 22) 

Both of the preceding results agree with the conventiona3. approach 

ln conventional terminology, using the Popting vector of equation (61, 

the electric f i e ld  i s  unehaagd by a velocity parallesl to  itse1;E and 

there i s  no magnetic field. With no magnetic f i e l d ,  there can be no 

energy flowe For the transverse orientation, the velocity yo nomad. to 



The statmai t  was mads earlier i n  tbis paper t b t  naan;y promas can 

be approached with either a F l o w  or non-fbw tawabent. For example, a 

noving para33rsl-plate oapacitor i s  WSU suited for a nondlow treatment, 

but it can 

plate oapmAbr i s  assuaed t o  be moving with the field parallel to the 

velocity 4$*. 1), 

w a d .  An ecguatioa (20). 

Lherefare zeroo as shown in equation (21), 

@vduakionz m~st be a closed swfaee, which mems %ha% 

wossing .a bor~ lday  must be k-neluded, 

be bma'Ly4;ed FCWI a flow t reabat .  If the parallel- 

enuil. energy and stress f o r  the electric f i e ld  

The net energy f l o w  from the electric f ie ld  i s  

The boundary for energy-flow 

f l a w  s-slsrgies 

A paral2sl-p~ats capacitor m s k  



Pi-6 .. OppasLtAon or" field asldi support @ O T C ~ S ~  

tension force of %he f i e ld  w s t  be b&a;need by the comgressjion force of 

the supports. 

also be expressed as the product of a force (the stress times the area) 

and the distance over which the force actsI 

The rllow wopa of a v o l u e  moving a6mz.s a jowCissy e m  

The eapLj.%y of tension and 

compression forces thus results in %he support f l o w  work canceling the 

field flow work, leaving on3.y the internal energy of the non-flow 

treatment. 

For the transverse $bid orientation (fig.  21, the compression 

force of %he field i s  bdamed by the tenidon foroe of t h e  capacitor 

plates, as indicabd in figure 5. The capacitor-plate f l o w  wopk thus 





for tne physica2-i-;iocLeX approach w i t &  electric ficlus w i l l  therefox  also 

be found w i 4 t i  magnetic fields* 

For the reegine eonsidered in this paper of a &&le electric OF (by 

iraptrlcation) nagnstic f ie ld ao&g withou% accekeration a% a velocity 

smll. owparred 'to chat of Ugh%, the p h y s i c a - d d  qjproach resolved 

$he energy and. rnonentum discrepancbs OS a number of pm'dems, 

convention& energy-flow and mnenk=densi%y eqresdons were found to 

correspond to the f l o w  tzw&aant of tihe physiea;L-modeP approach. 

problems in which anergy and arxuentum diserepaylcies were obtained were 

most conveniently Wproaqhd vlith a mn-f2Ou beebent .  

between these two Gypes of tmabmats i s  closely related to the 

difference bstwew intema energy and enthalpy in th8&yamui.cs. 

lack of the flawwork c?o~cmp$ i n  classical electrodynamics might 

therefore be considered $he source of the tslectroaragneticss problem. 

The 

The 

The difference 

The 
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